TI receptors (TRs) regulate transcription by binding to specific DNA response elements as heterodimers with the retinoid X receptors (RXRs). To study the consequences of this heterodimerization for transcriptional regulation in the absence of complications associated with its effects on DNA binding affinity, we expressed in the yeast Saccharomyces cefevisiae a chimeric protein consisting of the rat TRBl ligand-binding domain fused to the DNA-binding domain of the bacterial repressor IexA (IexATR). LexATR is a weak, T3-responsive activator of a ,9-galactosidase reporter gene controlled by upstream IexA-binding sites (lexA+gal). In contrast, coexpression of human RXRa (hRXRa) strongly enhances both the basal and ligand-induced transcriptional activities. Both the N-terminal activation domain of RXR and sequences at the extreme C terminus of IexATR are required for this TB-and RXR-dependent transcriptional activation. The IexATR chimera was also used to characterize receptor-receptor interactions using the two-hybrid system. Coexpression of B42RXR, a fusion protein of the human RXRa ligand-binding domain and the B42 transcriptional activation domain, strongly increases the transcriptional activity of IexATR in the absence of TB or 9-cis-retinoic acid. We conclude that RXR is essential for full, T,-dependent transcriptional activity of the TR in yeast, and that proteinprotein interaction of TR and RXR in vivo is ligandindependent.
(Molecular Endocrinology 8: 1245 1252,1994)
INTRODUCTION
The intracellular receptor (IR) superfamily is a group of transcriptional regulatory proteins linked by conserved 0898-3909/94/l 245-l 252$03.00/O Molecular Endoaindogy Copyright 0 1994 by The Endoaine Society structure and function (l-4). The IR superfamily includes the receptors for a variety of small hydrophobic ligands such as steroids, TS, and retinoids, as well as a large number of related proteins that do not have known ligands. The receptor proteins are direct regulators of transcription that function by binding to specific DNA response elements in promoters of target genes. Nearly all the IR members bind as dimers to DNA elements. While some IRS apparently bind only as homodimers, thyroid hormone receptors (TRs) and several other receptors bind their specific response elements with high affinity as heterodimers with the retinoid X receptors (RXRs) (5-10). Based on this high affinity binding, such heterodimers have been considered to be the functionally active forms of these receptors in vivo.
In general, mechanistic studies of TR function have relied on activation of transiently transfected reporter genes by either cotransfected receptor expression vectors or by endogenous receptors in mammalian cells. However, because of the expression of RXRs and other related receptors in these cells, the contributions of each of the heterodimeric partners within these complexes to DNA binding, ligand binding, and transcriptional regulation remain unclear. Several IR superfamily members, including steroid (1 l-16) vitamin D (17) thyroid (18) (19) (20) and retinoid (20, 21) receptors, have been reported to function in the yeast Saccharomyces cerevisiae. Thus, we have employed yeast to study T3 action free from the complications associated with endogenous receptors in mammalian cells.
To focus on direct transcriptional regulatory effects rather than indirect effects on DNA binding, we used a chimeric protein consisting of the intact bacterial IexA repressor protein fused to the hinge and ligand binding domains of TR. The binding of this hybrid protein to IexA binding sites is not affected by the presence or absence of RXR. However, coexpression of RXR is essential for IexATR to function as an efficient, thyroid Vol8 No. 9 1248 hormone-dependent transcriptional activator. Thus, heterodimerization with RXR is essential for full transcriptional activity of the TRs. In agreement with previous studies with TRs, RXRs, and other receptors (22-24) this activation requires both the extreme C terminus of TR and the N-terminal A/B domain of RXR.
RESULTS

Potentiation of the Transcriptional Activity of Intact TR by Intact RXR
To examine the transcriptional properties of the TR, the full length human TR@l (hTRfl1) was expressed in a yeast strain containing a p-gal reporter (T3RE-P-gal) controlled by a synthetic TB response element (TSRE) from the rat GH promoter (25, 26) . As shown in Fig. 1 , the very low basal activity observed with intact hTRP1 was induced approximately e-fold by the synthetic TR agonist, 3,3',5triiodothyroacetic acid (triac). This is consistent with earlier results demonstrating relatively low activity of TR homodimers on a palindromic TBRE in yeast (18, 19) . Human RXRcv (hRXRa) also activated the reporter gene approximately 2-fold, in response to the RXR ligand, S-cis-retinoic acid (9-c&RA). These responses were specific for TR and RXR, since expresReporter: T3REffiH-f3-gal Yeast strain EGY48 cells containing a fi-galactosidase reporter driven by T3RE from the rat growth hormone promoter (2542) were transformed with ER, hTRfl1, hRXRa, or hTRP1 plus RXRCY expression vectors. Expression of the receptors is under the control of the copper-inducible CUP1 promoter. Cultures were grown and induced with 10 FM CuS04 with no ligand (open box), 1 FM triac (dotted box), 1 PM 9-c&RA (hatched box), or 1 PM triac plus 1 PM 9-c&-RA (filled box). pGalactosidase readings were determined and corrected for cell density and for time of development (ODdI .,JODsw ,,J x 1 OOO/min. sion of the estrogen receptor (ER) had no effect on this reporter gene in the presence or absence of ligand. To examine whether TR and RXR produce a cooperative effect in yeast, as has been observed in many reports on mammalian cells and a recent, independent study in yeast (20), hTRP1 and hRXRcY were coexpressed. This coexpression had two effects. First, the basal level of transcriptional activity was increased approximately 7-fold relative to that of hTRP1 or hRXRa alone. Second, the transcriptional activity in the presence of the ligands was also increased. The reporter activity in the presence of thyroid hormone was increased approximately 8-fold over that of hTRB1 alone, and the reporter activity in the presence of Scis-RA was increased approximately 12-fold over that of hRXRa alone. A further, relatively modest increase was observed in the presence of both ligands. Similar results were also obtained with a ,&gal reporter controlled by three copies of a synthetic T3RE consisting of direct repeats of the hexameric receptor binding site separated by 4 base pairs (DR4, see Ref. 27 ; data not shown).
Recently, the levels of vitamin D receptor have been shown to be increased in mammalian cells or yeast after addition of its ligand (28) presumably as a consequence of stabilization of the occupied receptor. To test whether the levels of TR and RXR are similarly affected, we monitored the levels of the receptor proteins of the TR/RXR heterocomplex by Western blot analysis in the presence or absence of ligands. The levels of expression of hTR/?l or hRXRa were not affected by either ligand, alone or in combination, or by coexpres'sion of the other receptor ( These results demonstrate that coexpression of hTR@l and hRXRa increases both basal and ligandinduced transcriptional activity. This could be due to either a direct effect on transcriptional activity or simply the enhanced DNA binding affinity of the heterodimeric complex. To distinguish between these possibilities, we studied the effect of RXR coexpression on a chimeric (31) were transformed with vector only or plasmids expressing IexA-, IexATR, or IexATR plus hRXRa. Cells were grown in liquid culture containing either glucose or galactose. fi-Galactosidase readings were determined and corrected for cell density and for time of development (ODa15 "JODsoo .,) x 1 OOO/min. observed with other IexA chimeras (31). Regardless, these results confirm that coexpression of RXR does not have a significant effect on DNA binding by IexATR.
LexATR was expressed in a yeast strain in which expression of the @gal reporter is dependent on binding of an activator to upstream IexA binding sites (IexA-Bgal). As shown in Fig. 5 , IexATR alone was without significant effect in the absence of ligand. A small, but reproducible activation was observed in cells grown in the presence of triac. As with the intact receptors, Western blot analysis confirmed that the ligands did not have significant effects on the level of expression of the chimeric proteins (data not shown).
To directly test the inherent transcriptional regulatory activities of the lexATR/RXR heterocomplex, hRXRa was coexpressed with IexATR. As shown in Fig. 5 , basal activity of the lexA+gal reporter was modestly increased by the addition of hRXRLu. The activity of this lexATR/RXR complex was strongly increased by triac, but not by 9-c&-RA. Addition of triac and S-cis-RA together further increased activation beyond that of triac alone. Similar results were obtained with T3. In an effort to identify domains responsible for the transcriptional activities of the lexATR/RXR heterocomplex in yeast, we tested those already characterized in mammalian transient transfection studies. As with other Vol8 No. 9
Reporter: IexA-P-gal function of the C-terminal region. For at least some receptors, this C-terminal activation function is associated with a conserved motif originally identified in the ER (22). This portion of the TR is important for both ligand-dependent transcriptional activation and TR-mediated negative regulation of API activity (23).
We constructed a mutant RXR missing the A/B and C domains [RXR(-ABC)], and two IexATR mutants in the TR C-terminal region either deleted for nine amino acids (IexATRAS), or changing a phenyalanine at position 459 to proline (lexATR459) (Fig. 3) . Both of these TR mutations specifically decrease ligand-dependent transcriptional activation (23). As shown in Fig. 5 , coexpression of IexATR with RXR(-ABC) results in approximately 29% of triac-induced or 21% of triac plus S-cis-RA-induced levels by comparison to IexATR plus the intact hRXRa. Similarly, both mutants in the Cterminal region of IexATR show approximately 40% of triac-induced or 30% of triac plus Scis-RA-induced levels of activity compared with IexATR plus hRXRa. However, coexpression of RXR(-ABC) with lexATRA9 or lexATR459 resulted in only a basal level of the transcription, with no detectable ligand responsiveness. Thus, these mutagenesis results indicate that both the TR C terminus and the RXR N-terminal domain contribute to the ligand-dependent transcriptional activity of the lexATR/RXR pair.
The potentiation of the thyroid hormone responsiveness of lexATR/RXR heterocomplex by S-cis-RA was examined in more detail in the presence of a fixed concentration of triac (1 nM) that was without significant transcriptional activity alone, supplemented with a range of concentrations of 9-c& RA or all-frans-RA (t-RA). As shown in Fig. 6 , S-cis-RA induced the transcriptional activity of the lexATR/hRXRa pair a maximum of 11 -fold in a dose-dependent manner, but only in the presence of triac. Results consistent with those of Fig.  5 were also observed at higher doses of triac. As expected from its lack of RXR binding activity (32, 33) t-RA had no effect.
Overall, these results demonstrate that RXR plays a direct role in the T3-dependent transcriptional activity of the TRs.
Interaction of Chimeric rlR@l and hRX& Ligand Binding Domains
To further examine the heterodimeric interactions of TR and RXR, we used two fusion proteins containing the E. co/i-derived transcriptional activation domain 842 (34) as described by Gyuris et al. (30) . One is a 842 fusion to the hinge and ligand binding domains of hRXRa (amino acids 198-462) , and the other to the hinge and ligand binding domains of rTR@l (amino acids 169-461). These chimeras, designated B42RXR and B42TR, respectively, were coexpressed with IexATR. A variety of previous biochemical results predict that the B42RXR chimera should interact with IexATR in the presence or absence of either T3 or S-cis-RA. Such a protein-protein interaction between IexATR and B42RXR would recruit the transcriptional activation domain 842 to the IexA sites and activate expression of the IexA-@gal reporter. As shown in Fig. 7 , the basal activity associated with IexATR was stimulated more than 13-fold by B42RXR. Similarly, the basal activity of IexARXR, a fusion of IexA to the hinge and ligand binding domains of hRXRa (amino acids 198-462) was stimulated approximately 17-fold by B42TR. Coexpression of B42RXR with lexATRA9 or lexATR459 led to activities similar to that of lexATR/B42RXR pair. Thus, although this C-terminal domain of TR is involved in the RXR-dependent transcriptional activation described above, it is not necessary for TR-RXR heterodimerization. This is not surprising, since the presence of a similar C-terminal deletion in v-e&A does not prevent RXR heterodimerization (35, 36) . Together, these results confirm the interaction between wild type TR and RXR receptors and demonstrate that it can occur in vivo in the absence of either ligand.
Coexpression of B42TR was without effect on IexATR in the presence or absence of triac (Fig. 8) and B42RXR chimeras resulted in a small increase in basal expression that was further increased approximately 7-fold by S-cis-RA. This latter effect is consistent with the previously described S-cis-RA-dependent homodimerization of RXR (29, 39).
DISCUSSION
A number of previous results have indicated that the functionally active forms of the TRs and other receptors in vivo are the heterodimers with RXR. Perhaps the most direct support for this proposal is the observation that the affinity of TR/RXR heterodimers for most T3REs in vitro is substantially greater than that of TR homodimers (5-10). In addition, T3 binding causes dissociation of TR homodimers, but not TR/RXR heterodimers from at least some T3REs (40). Confirmation of these exclusively biochemical findings is provided by the observation that, under some conditions, RXR cotransfection can stimulate TR function in mammalian cells (e.g. Refs. 7, 9, 10, 41). As described here and in an independent study (20) coexpression of TR and RXR in yeast also increases transcriptional activity. However, it is possible that the increase in TR activity conferred by RXR in the previous in vivo studies is simply a consequence of the increased DNA binding affinity of the heterodimeric complex. The results described here demonstrate directly that heterodimerization with RXR is essential for full, TJdependent transcriptional activation by TR, under conditions where heterodimerization does not affect DNA binding. Coexpression of RXR resulted in a nearly lofold increase in the level of thyroid hormone-induced expression of the IexA-P-gal reporter by IexATR, with approximately 22-fold activation observed in the presence of additional S-cis-RA (fig. 5 ). Sequences at the extreme C terminus of TR are necessary for this activation, as expected from previous studies associating a conserved C-terminal motif in TR (23) and other receptor superfamily members (22) with ligand-dependent transcriptional activation. Activation was also decreased by deletion of the N-terminal transactivation and DNA binding domains of RXR. However, the fact that significant augmentation of TB-dependent activation was still observed with the N-terminal truncation (-3.5fold over IexATR alone) indicates that the RXR ligand binding domain contributes directly to the response of the heterocomplex to TJ. Although the precise nature of this contribution remains unclear, these results indicate that the full transcriptional response of the TR/RXR heterodimer, like that of other receptors, is a complex function of both ligand-dependent and ligand-independent transcriptional activation domains. In mammalian cells, TRs act as direct transcriptional repressors in the absence of thyroid hormone (42-44). In contrast to the conservation of the ligand-dependent transcriptional activation, the TR/RXR complexes, like the intact TR (18, 19) activate rather than repress basal expression in yeast. This increased basal transcription contributes to the relatively poor overall induction ratio of the ligands, which is particularly evident with the hTRP1 and hRXRa pair (Fig. 1) . The failure to observe aporeceptor repression in this and other studies demonstrates that one or more of the components responsible for this effect must be missing in yeast. It is possible that this deficiency could facilitate the analysis of the mechanism of aporeceptor repression by allowing the isolation of clones encoding such components by appropriate genetic selections.
The current results suggest rather COrTtpleX SffeCtS of S-cis-RA on TJ response. The lack of an effect of 9 cis-RA alone on the combination of IexATR and hRXRa suggests that the transcriptional activation function of the ligand binding domains of the heterodimer may only be induced by TB. However, interpretation of the role of MOL ENDO. 1994 1250 Reporter: IexA-P-gal
Reporter S-cis-RA is complicated by the decrease in the overall levels of free RXR available for heterodimer formation predicted to result from the ligand-induced formation of RXR homodimers (see Ref. 45) . The results described here provide evidence for the formation and activity of such ligand-induced RXR homodimers in yeast, in agreement with several previous studies (20, 21, 29) . In contrast to the lack of effect of S-cis-RA alone on the combination of IexATR and RXR, both the additional increase over the activation with T3 alone observed with addition of S-cis-RA and the observation that S-cis-RA renders the lexATR/hRXRa pair responsive to doses of triac that have no significant transcriptional activity alone (see Fig. 6 ) suggest that 9&s-RA augments the specific T3 response. These effects of 9-c&-RA on the heteromeric complex are consistent with previous indications that Scis-RA can synergize with T3 in activating the TR-RXR heterodimer in mammalian cells (41) and yeast (20) . The activation of the combination of lex-ARXR and B42TR by Scis-RA (data not shown) is also consistent with this possibility.
In conclusion, we have demonstrated that RXR plays a direct role in the transcriptional activation of the TRs that is independent of its effects on DNA binding affinity. 
Yeast fl-Galactosidase Assays
The cotransformation and transactivation assays in yeast were performed as described previously (29) with the following changes. The yeast cultures were initially diluted to an ODsoo of 0.05 and 10 PM CuSO.,, and the various concentrations of 9-ci.s RA and/or triac were added to separate flasks. The cultures were then plated into 96-well culture dishes (100 PI/ well) and incubated in the dark at 30 C for 16 h. The ODsoo nm was determined, and then cells were lysed and substrate was added and OD,,, nm was read after 1 O-30 min. The normalized @-galactosidase values were determined from triplicate samples as follows: (OD,,, ",,,/ODBOO .,) x 1 OOO/min developed. 
Western Blot Analysis
